We studied broadband light absorption in laterally oriented single Si nanowires placed on metallic and dielectric substrates. Finite-difference timedomain simulation showed that when a Ag bottom mirror was adjacent to a Si nanowire, the optical resonances were significantly amplified at every resonant wavelength beyond the classical limit given by ray optics, thereby significantly enhancing the absorption efficiency. In particular, an omnidirectional Ag mirror was effective for sustaining two-dimensional whispering-gallery modes marginally excited using a dielectric substrate. The results of this numerical investigation will provide useful information for designing nanowire platforms for next-generation solar cells. # 2013 The Japan Society of Applied Physics A nanowire (NW) is a subwavelength optical cavity whose morphology and material can be tailored through rational synthesis protocols.
A nanowire (NW) is a subwavelength optical cavity whose morphology and material can be tailored through rational synthesis protocols. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Controlled synthesis enables a NW to sustain optical resonances excited at specific or broadband wavelengths at which diverse photonic devices including lasers, 11) light-emitting diodes, 12) and waveguides 13) operate. Such NW-based photonic devices can be integrated on a single chip that functions as a future planar optical circuit. 14) NW-based photovoltaic devices have attracted great interest to date owing to their unconventional light absorption primarily characterized by localized field and optical antenna effects. [1] [2] [3] [4] [5] [6] [7] [8] For example, a NW absorbs incident light more efficiently than an equally thick bulk, which opens the possibility of using NWs as a platform for developing next-generation solar cells.
2)
The amount of light that NWs absorb could be further increased by tuning the size, 2, 3) chemical composition, 1) shape, 3, 15) and dielectric coating 16, 17) of the NWs. Such efforts have indeed amplified and tuned the optical resonances of NWs over the broadband spectrum, increasing the current density (J SC ), which is a remarkable property of photovoltaic devices. In particular, the J SC of NWs can be increased using appropriate substrates. Since a laterally oriented NW can be readily transferred from a grown substrate to a receiving one by shear-force transfer [1] [2] [3] [4] or contact printing, 18) the receiving substrate under the transferred NW is freely chosen to maximize light absorption. In this study, we investigated how an underlying substrate affects light absorption in a NW. Finite-difference timedomain (FDTD) numerical simulation was conducted to calculate the absorption spectrum of a NW while substrate materials were varied from dielectrics to metals.
FDTD simulation generally provides an accurate, quantitative solution for analyzing subwavelength photonic devices, particularly for calculating optical resonances in NW cavities. 2, 3) In addition, the mode profiles calculated at every optical resonance contribute to an understanding of how incident light interplays with NWs. A 120-360-nm-diameter crystalline Si NW was used as an absorbent for our calculation, because core/shell crystalline Si NWs have been implemented as high-performance photovoltaic devices exhibiting decent open-circuit voltage, ultralow leakage current, and increased light absorption.
2) In our FDTD simulation, the refractive index of bulk crystalline Si was applied to NWs and the length of NWs was set to be infinite by applying periodic boundary conditions along the NW axis. 2) Si, SiO 2 , and Si 3 N 4 /SiO 2 dielectric substrates were first examined based on the following calculations [ Fig. 1(a) ]. A 240-nm-high Si NW was placed on each substrate. The absorption efficiency, defined as the ratio of the absorption cross section to the physical one, [1] [2] [3] [4] was calculated as a function of the wavelength of the incident light from 300 to 900 nm [left, Fig. 1(b) ] in order to determine how the substrate affected the amount of light a NW absorbed. Transverse-electric (TE) and transverse-magnetic (TM) polarizations equally contributed to the absorption spectra. The absorption efficiency was also calculated for an equally thick Si thin film [right, Fig. 1(b) ] for direct comparison. The dispersive optical constants of crystalline bulk Si were imposed on both the NW and thin film. 19) The details on the FDTD calculation are found elsewhere. 2, 3) The calculation results showed the importance of the effect of the substrate on the amount of light the NW absorbed. First, a NW had greater absorption efficiency than a bulk at most wavelengths for the same substrate, which is ascribed to the localized resonant modes and the optical antenna effect of a NW cavity. 2, 3, 20, 21) The NW placed on the Si substrate exhibited a structured spectrum with multiple absorption peaks. In contrast, the thin film placed on the same Si substrate exhibited a spectrum with exponentially decaying absorption. Second, the absorption peaks in the spectrum for the NW marginally varied with the various dielectric substrates, whereas the absorption peaks in the spectrum for the thin film monotonically amplified with increasing reflectivity at the interface of the dielectric substrate. We postulate that such different behavior between a NW and a thin film is attributed to distinct resonant modes in each cavity structure. Only the Fabry-Perot modes with a normal wave vector are excited in a thin film such that the reflectivity at normal incidence is the dominant factor in determining the light absorption efficiency of the thin film. Two-dimensional cavity modes are excited in a NW, on the other hand, requiring an omnidirectional mirror to increase the light absorption efficiency.
A Ag mirror was then examined to further increase the light absorption of the NW. The Ag was deposited under a NW (i.e., a Ag bottom mirror) or was conformally deposited onto a NW (i.e., a Ag top conformal mirror) [ Fig. 2(a) ]. A transparent SiO 2 substrate was used to illuminate the backside of the Ag top conformal mirror. We generated a y These authors contributed equally to this work. plane wave in the SiO 2 substrate and thus neglected the reflection at the air-SiO 2 interface. The absorption spectra for both NW structures were calculated from 300 to 900 nm [ Fig. 2(b) ]. The calculation results showed that the absorption efficiency of the Ag bottom mirror was significantly higher than that of the Ag top conformal mirror at most wavelengths. The Ag top conformal mirror acted as an aperture for illumination from the back, and it shrank the scattering cross section, thereby decreasing the amount of light the Ag top conformal mirror absorbed. The scattering efficiency of the NW without a metallic aperture was much greater than unity at every optical resonance [dashed red line, Fig. 2(b) ].
21) The absorption efficiency of the Ag bottom mirror exceeded unity at blue-to-green wavelengths, which manifests the optical antenna effect of a NW as a subwavelength cavity. 2, 3) The absorption efficiency of the Ag bottom mirror was clearly higher than that of any dielectric substrate [left, Fig. 1(b) ]. The amplitudes of the wavelengths longer than 700 nm in particular were enhanced beyond the classical prediction on the basis of the difference in reflectivity at the interface of the substrate. This finding implies that NWs more strongly interact with incident light with decreasing optical loss. Lastly, since it is essential to introduce a dielectric passivation layer on a Si NW photovoltaic device for improving electrical performance, 2) we calculated absorption spectrum in a NW with a 40-nm-thick SiO 2 passivation layer on the Ag bottom mirror [solid blue line, Fig. 2(b) ]. To define its absorption efficiency, the total projected area (Si + two sides of SiO 2 ) was used. The result showed that the Si NW with a SiO 2 passivation layer yielded the absorption spectrum similar to the bare Si NW [solid black line, Fig. 2(b) ] and thus, the current density was reduced by merely $10% compared to the bare NW. The mitigated decrease in current density was attributed to an enhanced optical antenna effect from a Si NW with a dielectric passivation layer. 2, 3, 20, 21) The polarization-resolved (TE and TM) spectra were calculated to better understand the interaction between the incident light and Ag mirrors [ Fig. 3(a) ]. The NW used with the Ag bottom mirror exhibited higher absorption efficiency than that used with the Ag conformal mirror at most resonant wavelengths in both TE and TM spectra. More interestingly, the TE-polarized spectra for both structures exhibited the same number of peaks [top, Fig. 3(a) ], whereas the TMpolarized spectrum for the NW used with the Ag top conformal mirror exhibited fewer peaks than that for the NW used with the Ag bottom mirror [bottom, Fig. 3(a) ]. The mode profiles of resonant peaks were calculated for both structures to explain the difference in the spectral density [ Figs. 3(b) and 3(c) ]. Fabry-Perot and whispering-gallery modes with different numbers of intensity maxima were alternately excited for the Ag bottom mirror [ Fig. 3(b) ]. It was clearly seen that the resonant modes at longer wavelengths had fewer intensity maxima. However, only the Fabry-Perot modes appeared for the Ag top conformal mirror. Mode mismatching can explain why the excitation of the whispering-gallery modes was inhibited in the Ag conformal mirror.
3) Whispering-gallery modes exhibit intensity maxima near the boundaries of NWs, whereas Ag slits must exhibit zero field intensity at the boundaries of NWs. A new peak was notably excited at ¼ 670 nm in the spectrum for the Ag top conformal mirror [bottom, Fig. 3(a) ]. The peak was assigned to a horizontally oscillating Fabry-Perot mode [bottom left, Fig. 3(c) ]. These results taken together illustrate that depositing a metallic coating onto NWs offers a feasible strategy for selectively tuning specific optical resonances. In addition, a NW designed with an appropriately wide metallic aperture can efficiently absorb broadband light. 22) The current densities achieved for a 240-nm-thick NW and a 240-nm-thick thin film were then calculated for various substrate materials [ Fig. 4(a) ]. The current density was determined by integrating the absorption efficiency over the 280-1000 nm range and by multiplying the result by the AM1.5G solar spectral irradiation at each wavelength.
2,3)
The NW exhibited a noticeable increase in current density when the dielectric substrate was replaced with a Ag bottom mirror. The current density achieved for the NW used with the Ag bottom mirror was $12 mA/cm 2 , which was 1.7 times higher than that achieved for the NW used with the thin-film structure ($6:9 mA/cm 2 ).
2) A metallic mirror is useful for sustaining the desirable two-dimensional resonant modes of NWs. The current densities achieved for the NW and the thin film were also plotted as a function of the thickness (t) of the Si substrate [ Fig. 4(b) ]. The current density achieved for the NW was higher than that achieved for the thin film at all Si thicknesses while the enhancement factor gradually decreased. For example, the enhancement factors for the Ag mirror were $2:0 and $1:6 at t ¼ 120 and 360 nm, respectively [solid blue line, Fig. 4(b) ]. We infer that the decreased enhancement in current density with increasing NW size is attributed to the weakened optical antenna effect of larger NWs. 2, 3, 20, 21) The increase in the current density of a NW between a SiO 2 substrate and a Ag mirror, on the other hand, was nearly constant at all Si thicknesses. The steady increase in current density achieved for the larger NWs used with a Ag mirror was attributed to the excitation of multiple whispering-gallery modes typically located at long wavelengths. These results show that it is essential to design a NW cavity with reduced optical loss in order to develop highly efficient solar absorbers.
In summary, we investigated the amount of light absorbed by Si NWs placed on various substrates. Using a Ag bottom mirror significantly increased the current density of the NWs, stemming from the efficient excitation of twodimensional cavity modes. The current density achieved for the 240-nm-thick Si NW was $12 mA/cm 2 , which was $1:7 times higher than that achieved for an equally thick Si thin film. The excitation of whispering-gallery modes was inhibited because of the mode mismatching attributed to the Ag conformal coating, which can be used to implement single-mode photonic devices. The results obtained from this numerical study will be useful for designing NW light absorbers efficiently operating at specific or broadband wavelengths toward the development of next-generation ultrathin photodiodes and solar cells.
